Spiro polycyclic compounds bearing pyran ring systems are found in bioactive molecules, and we recently reported the construction of spirooxindole all-carbon polycycles. Here we show the development of catalytic stereoselective annulation reactions that afford spirooxindole pyran polycycles. Oxindole-derived spiro [4, 5] decanes are reacted with arylglyoxal to construct a pyran ring via the formation of carbon-carbon and carbon-oxygen bonds through dynamic aldol-oxa-cyclization cascade reactions, leading to the formation of spirooxindole pyran polycycles bearing six stereogenic centers as single diastereomers. During the reaction, the starting material is isomerized to the diastereomer, and this is key to afford the product. Taking advantage of this isomerization, highly enantiomerically enriched single diastereomers of spirooxindole pyran polycycles are obtained. The reactions generating the spiro pyran polycycles show stereoselectivities distinct from those previously observed in the construction of all-carbon polycycles.
P yran-derived polycycles bearing spiro ring systems and spirooxindole scaffolds are found in bioactive natural products and pharmaceutical agents [1] [2] [3] [4] [5] [6] (Fig. 1a) . Whereas syntheses of many classes of spirooxindole polycycles bearing Nheterocycles and spirooxindole all-carbon polycycles have been reported [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , few examples of the syntheses of spirooxindole polycycles bearing O-heterocycles have been reported 22, 23 . Most methods developed for the synthesis of the spirooxindole O-heterocycles provide nonpolycyclic derivatives [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Because the lengths of C-C, C-N, and C-O bonds are different, spirooxindole polycyclic scaffolds bearing oxygen-containing heterocycles should provide molecules with biological functions different from those of spirooxindole all-carbon polycyclic and N-heterocycle-containing polycyclic systems.
In addition, the construction of polycyclic molecules through the formation of C-C and C-O bonds would provide structures with unique regio-and diastereoselectivities compared to those accessed via the formation of C-C and C-N bonds. Thus, the development of strategies and methods that provide access to polycyclic scaffolds 21, [34] [35] [36] [37] bearing O-heterocycles and spirooxindole cores is of interest in drug discovery efforts and related research.
Here, we report a route to functionalized spirooxindole pyran polycycles. We report stereoselective construction of pyran polycycles using annulation reactions via the formation of C-C and C-O bonds; these reactions provide products with stereoselectivities distinct from those demonstrated in the formation of all-carbon polycycles (Fig. 1b, c) .
Results

Design.
Our strategy for the construction of spirooxindole pyran polycycles uses oxindole-derived spiro [4, 5] decanes 21 as starting materials (Fig. 1c) . We have recently reported the construction of spirooxindole all-carbon polycyclic systems from one of the diastereomers of the spiro [4, 5] decanes by the reactions with nitrostyrenes 21 (Fig. 1b) . Here, we used the same starting molecules, spiro [4, 5] decanes and their diastereomers, and reacted these with arylglyoxals through aldol-oxa-cyclization cascade reactions to construct a pyran ring, leading to the formation of the spirooxindole pyran polycycles. We hypothesized that the actual reacting diastereomers of the spiro [4, 5] decanes and the bond-forming positions would depend on reaction partners and the type of the bond formed (i.e., C-C or C-O). We also hypothesized that stereoselective formation of products would be achieved by selecting suitable catalysts and conditions including those that are involved in isomerization and equilibration of the reactants and the intermediates 36, [38] [39] [40] .
Conditions for the formation of the spirooxindole pyran polycycles. First, catalysts and conditions were evaluated to identify those that catalyzed the reactions of oxindole-derived spiro [4, 5] decane 1a or its diastereomer 2a with phenylglyoxal to afford pyran-derived polycycles ( 4 and 5) . Relative stereochemistry of 3a was determined by X-ray crystal structural analysis, and the result indicated that 3a was derived from 2a (i.e., 3a retained the stereochemistries of the stereogenic centers in the cyclopentane ring of 2a). No formation of other diastereomers and of other products was observed under the conditions listed in Table 1 . These results suggested that, with 1a as starting material, 1a first isomerized to 2a, and 2a reacted with phenylglyoxal to give 3a. When the reaction was performed in the presence of DBU (0.2 equiv) as catalyst with addition of [1] [2] [3] [4] [5] . b Synthesis of spirooxindole all-carbon polycycles from spiro [4, 5] decane derivatives 21 . c Synthesis of spirooxindole pyran polycycles from the same spiro [4, 5] decane derivatives (this study). The dynamic aldol-oxa-cyclization cascade reactions (reactions with C=O, in c) that provide pyran polycycles described here show stereoselectivities distinct from those previously observed in the Michael-Henry cascade reactions (reactions with C=C, in b) Table 1 Formation of 3a from 1a and from 2a a . Note that in our previously reported synthesis of spirooxindole all-carbon polycycles, only 1a reacted with nitrostyrenes to afford the product 21 . The reactions with phenylglyoxal (in which the reactions are with the C=O group) showed distinct stereoselectivities from those previously observed in the construction of the all-carbon cyclohexane ring.
Isomerization of the starting material. Because the isomerization from 1a to 2a was essential to afford 3a from 1a, conditions for the isomerization were evaluated (Table 2) . Pyridine did not isomerize 1a (Table 2 , entry 1). Et 3 N and DABCO isomerized 1a to 2a, respectively, but the formation of 2a was slow ( Table 2 , entries 2 and 3). DBU efficiently isomerized 1a to 2a. During the isomerization of 1a, only the formation of 2a was observed; no isomers other than 1a and 2a were detected. Under the same DBU catalysis conditions, 2a was also isomerized to 1a and the ratio between 1a and 2a was the same as observed in the isomerization of 1a (Table 2 , entries 8 and 9). These results indicate that the isomerization reactions between 1a and 2a reached the equilibrium in the presence of DBU regardless of whether the starting material was 1a or 2a. The isomerization between 1a and 2a occurred even in the presence of only 0.001 equiv (or 0.1 mol %) loading of DBU (Table 2 , entries 8 and 9). To understand the mechanisms of the isomerization of 1a to 2a, deuteration experiments were performed under the DBU-catalyzed isomerization conditions (Table 3) . To generate 2a from 1a, both the stereochemistries at position A (the α-position of the oxindole amide group) and at position B (the α-position of the ketone carbonyl group of the 5-membered ring) of 1a must be altered. Whereas the proton at position A of 1a was exchanged with deuterium, the proton at position B of 1a was not. In the formed 2a, similarly, position A was deuterated and position B retained H. These results suggest that the isomerization occurs through the enolization of the cyclohexane-1,3-dione moiety with the C-C bond cleaving and forming (Fig. 2) . The isomerization and the deuteration results suggest that when compound 1a is enantiomerically enriched, the enantiomeric ratio (er) of 1a is retained in 2a; the stereochemistry of the β-position of the ketone carbonyl group of the cyclopentane ring is not affected by the isomerization. In fact, when enantiomerically enriched 1a (er 99.8:0.2) was treated with DBU, 2a was obtained in essentially the same er (er 99.7:0.3).
Scope of the annulation reaction. With the use of enantiomerically enriched 1 as the starting material in the reactions with arylgryoxals, under the conditions optimized for the formation of 3a from 1a, various enantiomerically enriched functionalized spirooxindole pyran polycycles 3 were obtained in one pot (Fig. 3) . In all the cases, products 3 were isolated as single diastereomers in high yields with high enantiomeric ratios (up to er > 99.9:0.1). Whereas isomerization of 1a to 2a occurred in the presence of only 0.001 equiv of DBU as described above, the use of 0.2 equiv of DBU provided better results than the use of low loadings of DBU for the formation of 3. Hydrated arylglyoxal may act as weak acid to neutralize DBU, resulting in the requirement of the conditions containing 0.2 equiv of DBU for the efficient formation of 3. The utility of the reactions to form 3 was further demonstrated by the transformations of 3a to various polycyclic derivatives 4-8 (Fig. 4 ). Reduction of 3a using H 2 and Pd/C afforded 4, in which the ring system was reorganized to provide a new spirooxindole pyran polycycle system. On the other hand, reduction of 3a using NaBH(OAc) 3 afforded alcohol 6 without affecting the spiropolycyclic framework. Complex polycycles 7 and halogenated polycyclic products 5 and 8 were also obtained concisely.
Plausible pathway of the reaction. Based on the stereochemistry of product 3a, the reaction pathway for the formation of 3a from 1a is suggested as follows: when the cyclopentanone moiety of 1a had the (S,S) configuration, the si -face of the α-position of the oxindole amide group of 2a reacted with the re-face of the aldehyde group of phenylglyoxal during the C-C bond formation (Fig. 5) . Then, the oxygen atom that originated from the aldehyde group reacted with the si-face of a specific ketone carbonyl group to afford 3a (Fig. 5a ). In the reaction of a single enantiomer of 1a or 2a with phenylglyoxal, the number of possible product stereoisomers that may form is 48, calculated from 2 (selection of 1a or 2a) ×2 (reaction face selectivity of 1a or 2a) × 2 (reaction face selectivity of phenylglyoxal) × 6 (ketone positions and reaction faces of the ketones). During the reaction, formation of product diastereomers other than 3a and accumulation of intermediates (products of aldol reaction without C-O bond formation) were not detected. These results suggest that reversible processes are involved in the isomerization between 1a and 2a and in the aldol reaction C-C bond formation. The results also suggest that the kinetic control in the aldol reaction step is key for the selective formation of 3a. That is, the aldol C-C bond formation of either 1a or 2a with phenylglyoxal may occur without reaction face 5-6-6 ring system: cis-cis 5-6-6 ring system: trans-cis Fig. 5 Pathways of the reaction a. a A plausible pathway for the formation of 3a from 1a. b A plausible pathway for the formation of 9 from 1a (the formation of 9 was described in ref. 21 ) selectivities, but the aldol adducts that do not lead to the C-O bond formation may be quickly decomposed to the starting materials. The kinetically favoured transition state for the C-C bond formation would determine the reacting ketone group and its face used for the C-O bond formation in the cascade sequence, although the details of the reaction mechanisms will need to be studied further. In the previously reported reaction of 1a with nitrostyrene 21 , when the cyclopentanone moiety of 1a had the (S, S) configuration, it is deduced that the re-face of 1a reacted for the C-C bond formation (Fig. 5b) based on the stereochemistry of the product. It is also deduced that the α-position of the nitro group then reacted with the si-face of the specific ketone carbonyl group for the selective formation of product 9 21 . Product 9 had a trans-cis relationship for the generated 5-6-6 ring system. In contrast, in the formation of 3a, the actual reactant was 2a, and the formed 5-6-6 ring system had a cis-cis relationship. The annulation via the aldol-oxa-cyclization of 1a with arylglyoxal showed completely different stereoselectivities from the annulation via the Michael-Henry reaction of 1a with nitrostyrene.
Discussion
We have developed catalytic stereoselective annulation reactions that afford spirooxindole pyran polycycles. We have shown that the formation of the pyran ring through the formation of C-C and C-O bonds that result in the formation of the polycyclic system provides stereoselectivities distinct from the formation of the cyclohexane ring through the formation of C-C bonds that lead to the all-carbon polycycles from the same spiro [4, 5] decane derivatives. The differences in the reaction stereoselectivities may originate from the differences in C-C and C-O bond lengths. The details of the mechanisms of the reactions that lead to the selective formation of the complex polycyclic products and of the differences in the stereoselectivities between the formation of the pyran polycycles and the formation of previously reported all-carbon polycycles are under investigation. The method reported here provides a way to access spirooxindole pyran polycycles useful for the development of bioactive molecules and related research. Characterization. For NMR spectra and HPLC chromatograms see Supplementary  Figures 10-136 .
Crystallography. X-ray crystallographic data of compounds (±)-3a and (±)-4a are available in Supplementary Data 1-2.
Data availability
X-ray crystallographic data of compounds (±)-3a and (±)-4a have been deposited at the Cambridge Crystallographic Data Centre (CCDC); compound (±)-3a (CCDC 1906368) and compound (±)-4a (CCDC 1906367). These data can be obtained free of charge from the CCDC via www.ccdc.cam.ac.uk/data_request/cif. All other data in support of the findings of this study are available within the article and its Supplementary Information or from the corresponding author upon reasonable request.
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